Through screening of random one-bead one-compound (OBOC) libraries, we previously identified cyclic peptides with the cDGXGXXc motif that bind to A3 integrin subunit on ovarian adenocarcinoma cell lines ES-2, SKOV-3, and CaOV-3. We subsequently synthesized two secondary libraries based on this motif and identified new peptides that bound with a higher affinity to these cell lines.
Introduction
We had previously identified cDGXGXXc cyclic peptide motifs that bound preferentially to CaOV-3, SKOV-3 (ovarian adenocarcinoma cell line), and ES-2 (ovarian clear cell adenocarcinoma) through screening random OBOC libraries [1] . Using this original motif, we synthesized a secondary library cX 1 GX 3 GX 5 X 6 c with 41 amino acids in the X 1 position and 42 amino acids in the X 3 , X 5 , X 6 positions. These amino acids had both L-and D-isomers as well as unnaturally occurring amino acids. One of the peptides identified from this secondary library screening ''cdG-HCit-GPQc'' (''OA02'') was found to have a high affinity as well as specificity for a3 integrin [2] . This integrin is known to form heterodimers with b1 integrin [3, 4] . Ligands to a3b1 include types I and VI collagen; laminin-I, -5, -10, and -11; and thrombospondin-1 [5] . It is an integrin that is involved not only in disease but also in normal development. It plays an important role in normal lung, kidney, and epithelial development, as well as neuronal migration during cerebral cortical development [6] [7] [8] [9] . a3 integrin-deficient mice die around birth [10] . The a3b1 integrin is known to play a crucial role in tumor cell adhesion, migration, invasion, and metastasis. Its role in cell signaling and its association with regulation and degradation of extracellular matrix proteins are the subject of recent scientific studies [11 -14] .
Overexpression of integrin receptors on certain tumors makes targeted delivery an attractive option [11, 15, 16] . Both radiolabeled and optically labeled receptor-binding probes offer a noninvasive method of tumor diagnosis, studying tumor progression as well as tumor response to therapy. Each modality has its own unique application, however, optical imaging with fluorescent-labeled ligands can be advantageous in that it can reduce the risks of exposure of patient and personnel to radioactivity. It may reduce costs and can be a helpful way of generating preliminary data or optimizing a ligand prior to embarking on a more elegant study using radioactive probes. Other advantages of optical probes are that they are easy to synthesize and can be presynthesized and stored, meaning they do not have to be synthesized immediately prior to use because there is no ''decay.'' The time required for data acquisition in optical imaging is in seconds as the probe can be excited while its emission is collected at the same time, reducing the time required for the patient or mouse to be under anesthesia.
For in vivo optical imaging, NIR optical reporters are superior to other fluorochromes because of their enhanced tissue penetration and minimal light scatter. Although surface tissues or organs can be observed with lower wavelength dyes, dyes in the NIR range allow for deeper tissue observation in the 2-to 3-cm range. NIR optical imaging of epidermal growth factor receptor (EGFR) in breast cancer xenografts [17] , overexpressed folate receptor in ovarian xenografts [18, 19] , endostatin in Lewis lung carcinoma [20] , somatostatin and bombesin receptor expressing pancreatic tumor xenografts [21, 22] , as well as MMP-2 [23] , have given credence to the fact that cell surface receptors can be exploited in targeted delivery of imaging agents to solid tumors. Using Cy5.5 and IRDye800 conjugated to c(KRGDf) peptide, Wang et al. [24] were able to image mice bearing human melanoma xenografts expressing avb3 integrin. This group also developed a dual-labeled RGD imaging probe composed of both radioisotope and NIR dye and demonstrated that detection of superficial tumors was superior using optical imaging [25] .
NIR diffuse optical tomography, as well as contrastenhanced optical imaging, has already been used to detect breast tumors not only in humans but also in dogs [26 -29] . Here we report for the first time the imaging of ovarian tumor xenografts using a novel a3integrin binding peptide (cdG-HCit-GPQc/''OA02'') that was identified from screening OBOC libraries [2] .
Materials and Methods

Cell Lines
ES-2 (ovarian clear cell carcinoma), SKOV-3 (ovarian adenocarcinoma), and Raji (B-cell lymphoma) were purchased from American Type Culture Collection (ATCC, Rockville, MD). ES-2 and SKOV-3 cells were maintained in 90% McCoy's 5a medium with 10% fetal calf serum, 1.5 mM L-glutamine, 50 units/mL penicillin, 50 mg/mL streptomycin. Raji cells were maintained in 90% RPMI 1640, 10% fetal calf serum, 50 units/mL penicillin, 50 mg/mL streptomycin. Cells were incubated at 37°C in 5% CO 2 .
Nude Mice
Four to 6-week-old female athymic nude (nu/nu) mice were purchased from Harlan Sprague Dawley (Indianapolis, IN). Mice were housed in the animal facility and fed ad lib with rodent pellets and water. Tumor xenografts were created by injecting ES-2 (1 Â 10 6 cells in 200 mL incomplete McCoy's media) subcutaneously on the left flank and Raji (1 Â 10 7 cells in 200 mL incomplete RPMI media) subcutaneously on the right flank while in the head-first prone position (sternal recumbency) under mild inhalation anesthesia (Halothane). Experiments commenced when tumors were about 10 mm in diameter. Typically, tumors arise within 2 -3 weeks of inoculation. Animals were anesthetized intraperitoneally with Nembutal (1 mL/g body weight) of 6 mg/mL pentobarbitol sodium salt in diluent (50 mL 100% ethanol, 100 mL propylene glycol, 350 mL distilled water). Animals were imaged serially for tumor uptake and washout. Duration of scan was 30 sec for each acquired exposure. All procedures were conducted under an approved protocol according to guidelines specified by the National Institute of Health Guide for Animal Use and Care.
Peptide Synthesis and Labeling
Protected amino acids were purchased from Chem-Impex (Wood Dale, IL), D-biotin and all other chemicals were obtained from Aldrich (Milwaukee, WI). Hydrophilic linker Fmoc-Ebes-OH was synthesized in our laboratory according to the previously published procedure [30] . Solid-phase synthesis of cdG-HCit-GPQc-Ebes-Ebes-K(Alloc)-NH 2 was carried out using the standard Fmoc chemistry on Rink MBHA amide resin (GL Biochem, China). The allyloxycarbonyl (Alloc) protecting group was removed from the C-terminal lysine side chain by reacting with 0.5 Eq tetrakistriphenylphospine palladium Pd[PPh 3 ] 4 , 10 Eq phenylsilane PhSiH 3 at RT twice for 30 min, and the resin was thoroughly washed with dichloromethane (DCM) 3Â and N, N-dimethylformamide (DMF) 6Â. Cy5.5-NHS and Alexa 680-NHS 1 Eq was conjugated to the peptide in DMF at pH 9 adjusted with diisopropylethylamine (DIEA) overnight. The D-biotin (3 Eq) was coupled using 3 Eq of benzotriazol-1-yl-N,N,N 0 , N 0tetramethyluronium hexafluorophosphate (HBTU) and 6 Eq of DIEA at room temperature overnight. Side-chain protecting groups were removed with mixture containing trifluoroacetic acid (TFA)/triisopropylsilane (TIS)/1,2ethanedithiol (EDT)/water (94:1:2.5:2.5, vol/vol/vol/vol). To cyclize the peptide via the flanking D-cysteines, the crude peptide was dissolved in 50 mL of aqueous 0.05 M ammonium acetate and stirred in an open flask overnight. The solvent was removed by lyophilization and the product was purified using semipreparative HPLC (C-18, Phenomenex Jupiter 250 Â 10 mm) with wateracetonitrile gradient mobile phase and 0.1% TFA in water. The products were analyzed using HPLC (System A: Phenomenex Proteo; System B: Vydac C18 Protein and Peptide, 0.05% aqueous TFA -acetonitrile gradient 0 -90% in 40 min) and MALDI-TOF mass spectrometer Bruker BiflexIII (Billerica, MA).
Fluorochromes
Cy5.5 Mono NHS ester (Ex 674 nm, Em 689 nm) was purchased from Amersham Biosciences (Piscataway, NJ). AlexaFluo 680 carboxylic acid, NHS ester (Ex 679 nm, Em 702 nm) was purchased from Molecular Probes (Eugene, OR). Streptavidin-conjugated Cy5.5 (Ex 678 nm, Em 703 nm) was purchased from Rockland Immunochemicals (Gilbertsville, PA).
Cell Staining; Enzyme Linked Immunosorbent Assay
SKOV-3 cells were grown in a monolayer on glass chamber slides. When cells were about 70% confluent, chambers were taken off. Single layer of Raji cells were pelleted unto a glass slide using a cytospin. All slides were fixed with 90% methanol in water at À80°C overnight and then washed several times in phosphate buffered saline (PBS). Slides were blocked with 1 mL each of avidin D and biotin (''Avidin -Biotin'' blocking kit; Vector Labs). 10 mM of ''OA02'' -biotin peptide in 1 mL media was added to the slides and incubated for 1 hr at room temperature in a humid chamber. Subsequently, slides were washed and incubated with 1:1000 dilution of streptavidin phycoerythrin (Molecular Probes) in PBS for 15 min and then washed, mounted, and observed under a fluorescent microscope with an excitation wavelength of 555 nm and an emission wavelength of 605 nm.
Antibody Blocking
Anti a3 monoclonal antibody (ASC-1) was purchased from Chemicon International (Temecula, CA). Twenty micrograms of antibody diluted in 100 mL sterile saline solution was injected into the mouse via the tail vein 30 min prior to injection with 20 mg of either ''OA02'' -Cy5.5, or ''OA02'' -Alexa 680 in 100 mL of sterile PBS.
NIR Detection
Either 20 mg of ''OA02'' -Cy5.5 dissolved in 100 mL sterile saline solution, 20 mg of ''OA02'' -Alexa 680 dissolved in 100 mL sterile saline or 100 mL of 1 mg/mL streptavidin -Cy5.5 -PBS solution mixed (vortex) with 11 mg (10 mL of 1.1 mg/mL) of ''OA02'' -biotin overnight at 4°C (or 1 hr at room temperature) was injected via the tail vein in an anesthetized mouse before imaging. Animals were placed on transparency in the head-first prone or supine position and immobilized by taping their limbs to the transparency. Images were acquired with a Kodak IS2000MM Image station (Rochester, NY), excitation filter 625/20 band pass, emission filter 700WA/ 35 band pass, light source was 150 W quartz halogen lamp set to 100 (max). Images were captured with a CCD camera set to F stop = 0, FOV = 150, FP = 0. Data were collected and analyzed using the Kodak ID 3.6 software by drawing regions of interest (ROIs) on the imaged mouse. Image data files were stored on a desktop computer in .bip format and later converted to .jpeg, whereas ROI data were stored and analyzed in Excel.
Results
Peptide-Conjugate Synthesis and Purification
We used our previously validated OBOC approach to identify ligands that bound preferentially to human ovarian adenocarcinoma cell lines ( Figure 1 ). For this study, we chose (from secondary library screening) cdG-HCit-GPQc (''OA02'') as our candidate peptide based on (i) previous NMR data that suggested that cX 1 GX 3 GX 5 X 6 c peptides are stabilized at the X 5 position by proline and (ii) X 1 and X 3 positions contained unnaturally occurring amino acids (D-Aspartic acid, L-Homocitrulline) which could make the peptide less susceptible to peptidases [1] . Schematic of peptide synthesis for the three forms of this peptide on rink amide resin is shown in Figure 2A . The chemical structure of ''OA02'' -Cy5.5 as well as the Ebes linker used is shown in Figure 2B Figure 2C .
Cell Staining with ''OA02'' -Biotin
We used ''OA02'' -biotin in a sandwich enzyme-linked immunosorbent assay (ELISA) with streptavidinphycoerythrin as a secondary reagent to stain methanol-fixed ovarian adenocarcinoma cells (Figure 3 ). Our choice of fluorochrome was based on the filters available on our laboratory florescence microscope. SKOV-3 cells were used based on the high level of expression of a3 integrin on their cell surface. Staining was confined to the cell membrane and cytoplasm. This is consistent with the presence of integrin receptors on the cell surface. Integrin receptors have also been known to be present in the cytoplasm as a result of (a) endocytosis of the cell membrane and (b) recycling of the membrane through the endoplasmic reticulum [12] . The negative control cell line (Raji, B-cell lymphoma) did not show any staining because they are not known to express any appreciable levels of a3 integrin which is only known to 
Near-Infrared Optical Imaging with Peptide Conjugates
To determine the specificity of ''OA02''-conjugates for ES-2 tumors, six groups of animals were evaluated. Each group had mice with both positive (ES-2) and negative (Raji) control tumors [1] . The first group received no injection, the second received ''OA02'' -biotin -streptavidin -Cy5.5, the third group received ''OA02'' -Cy5.5, the fourth group received ''OA02'' -Alexa 680, the fifth group received an injection of anti a3 monoclonal antibody prior to receiving either ''OA02'' -Cy5.5 or ''OA02'' -Alexa 680, and the sixth group received streptavidin-Cy5.5 alone. In-vivo and ex-vivo optical images and their quantitation are shown in Figures 4 and 5 .
In the first group of mice (n = 3), some light emission was observed in the gastrointestinal tract as a result of the animal's diet and possible autofluorescence of GI bacteria flora. No signal was noted in either the positive or negative tumors ( Figure 4A : I) Baseline signal intensity was (225 ± 15) arbitrary units (AU) for both tumors. Animals in Group 2 (n = 3) showed tumor uptake of ''OA02'' -biotin -streptavidin -Cy5.5 only in the ES-2 tumor. The average (average maximum intensity ± standard deviation) at 30 min for this group was (2229 ± 50) AU; at 60 min (1736 ± 1036) AU; at 6 hr (1809 ± 80) AU; and at 24 hr (1540 ± 556) AU. Fluorescence signal was also noted in the kidneys and bladder which is the expected route of clearance for the peptide. The Raji tumor did not appear to bind to the conjugate above background levels (765 ± 53) AU ( Figure 4A : II). Group 3 mice (n = 4) also showed specific uptake of the ''OA02'' -Cy5.5 conjugate in the ES-2 tumors at 15 min (6032 ± 4640) AU, at 70 min (5526 ± 3693) AU. Values for the Raji tumors at 15 min were (2685 ± 1103) AU; at 70 min (2786 ± 1583) AU. Fluorescence signal was observed within 5 min of injection and the intensity peaked at about 70 min ( Figure 4A : III). The peptide probe was then rapidly cleared from the system via the kidneys and fluorescence intensity returned to 5 min postinjection time point around 5 hr. Some background signal was observed around the neck. Group 4 mice (n = 2) also showed specific uptake of ''OA02'' -Alexa 680 in the ES-2 tumors at 15 min (5015 ± 1443) AU, at 50 min (2999 ± 291) AU; at 90 min (1333 ± 301) AU. Maximum intensity values in the Raji tumors at 15, 50, and 90 mins were (2130 ± 907) AU, (1424 ± 888) AU, and (709 ± 471) AU. There seemed to be some light scattering and a rapid decline in signal intensity. The fifth group of mice (n = 2) injected with a3 monoclonal antibody prior to injection with the probe did not show any uptake of either the ''OA02'' -Cy5.5 or ''OA02'' -Alexa 680 probe into the ES-2 tumors (696 ± 24) AU or Raji tumors (757 ± 73) AU. Although there was no tumor uptake, the fluorescence signal intensity in the kidneys assured us that the probe was in circulation and is been cleared (Figure 4A: IV) . In one of the mice, 4 days after the antibody blocking study was done the mouse was injected again with 20 mg of ''OA02'' -Alexa 680 and we noted specific uptake of the dye in the ES-2 tumor ( Figure 5D ). Thus, by using this animal as its own control we were convinced that the a3 antibody was indeed inhibiting uptake of the peptide by the ES-2 tumor.
A representative 2-hr postinjection ex vivo image of a mouse injected with ''OA02'' -Cy5.5 showed that most of the probe signal intensity came from the ES-2 tumor, bladder, and kidneys ( Figure 4B ). Animals in Group 6 (injected with Streptavidin Cy5.5 alone) did not show any visible signal in the ES-2 tumors. At 15 min, maximum intensity values were (773 ± 465) AU, at 60 min (905 ± 295) AU, and at 2 hr (900 ± 140) AU. Maximum intensity values for the Raji tumors at 15 min were (538 ± 75) AU; at 60 min (1046 ± 113) AU; and at 2 hr 1123 ± 188) AU.
Discussion
We had previously reported the identification of cDGXGXXc peptides that bind to ovarian adenocarcinoma cell lines CaOV-3, ES-2, SKOV-3, and OVCAR-3. Through screening of ''focused'' libraries, we identified cdG-HCit-GPQc (''OA02'') peptide which was found to bind to a3 integrin receptors on these cells. The purpose of this study was to determine whether ''OA02''labeled fluorescent probes can be used to image a3 integrin expression in ovarian tumor xenografts. We showed that we can synthesize various forms of ''OA02'' fluorescent probe with high purity. Flow cytometry analysis of three of these cell lines (SKOV-3, CaOV-3, and OVCAR-3) showed that 82-92% of the cells express a3 integrin, only second to b-1 integrin expressed by 89-97% of the cells [31] . Although SKOV-3 cells seemed to express the highest level of this integrin among the other cell lines, we found that the xenografts were more challenging to grow than the less expressing ES-2 cell line. As previously stated, a3 integrin plays a very important role in normal and tumor development. It is therefore noteworthy that we can image this integrin expression by using a novel peptide identified from our validated ''OBOC'' technology. Using one of these probes, we were able to stain SKOV-3 cells that were grown on glass slides (Figure 3) . The non-a3-expressing Raji cell line did not show any cell staining with this peptide.
Uptake of the ''OA02'' -biotin -streptavidin -Cy5.5 probe was much slower (1 hr) but florescence signal was sustained longer (24 hr) in the tumor. The lower molecular weight ''OA02'' -Cy5.5 and ''OA02'' -Alexa were observed in the tumor 15 min postinjection, fluorescent intensity peaked at 70 min and was completely washed out within 4 hr. Because there were 2 moles of Cy5.5 conjugated to streptavidin, the light intensity seemed to be higher than the other probes but in actuality AU values were lower. Kidney, bladder and urine excretion of the probe is most likely a result of the hydrophilic property of the peptide and the Cy5.5 dye. No fluorescence signal was observed in ES-2 tumors of mice injected with streptavidin-Cy5.5 alone. The fact that bulky (60 kDa) and tetravalent nature of biotin -peptide -streptavidin -complex was able to slow down the pharmacokinetics of the probe but not interfere with the specificity could be vital in modifying the peptide for therapeutic use. However, for imaging purposes, the smaller molecular weight (2.6 kDa) ''OA02'' -Cy5.5 is ideal because it is rapidly and specifically delivered to the tumor but also rapidly cleared within 3 to 4 hr. Because these probes are injected intravenously, it is important that the tumors have an adequate blood supply.
The fact that preinjection with anti-a3 integrin antibody was able to block the uptake of the two peptide probes (''OA02'' -Cy5.5 and ''OA02'' -Alexa 680) was evidence that the peptide probes were specifically binding to the a3 integrin receptors in the tumors ( Figure 4A : IV). Kidney uptake and intricate detail of background signal of the vertebrae is evidence that the peptide probe was in circulation but was not taken up by the tumor.
Clinically, the use of this peptide as a targeting agent for imaging ovarian cancer and metastatic lesions as well as other a3 integrin expressing tumors is an attractive option. Although extensive toxicity studies have not been performed, the peptide conjugates seem to be well tolerated by the animals, they appear to be specific and rapidly cleared. In PET studies using F18-FDG to image ES-2 tumors, we observed that there was little or no uptake of the radioactive probe by this tumor (Aina O., unpublished data). It is therefore very interesting that we can image this tumor with the integrinbinding peptide ''OA02.'' Clinical use of the NIR peptide probe to image ovarian tumors is a possibility because the ovaries are somewhat close to surface of the abdomen. It is also important to note that SKOV-3 cell line is phenotypically identical to the epithelial component of human ovarian cancer, but ES-2 cell lines are more fibroblastic in nature and could represent the stromal component of ovarian cancer which could be useful in tumor targeting using antineovascular therapies. Besides ovarian tumors, this a3 peptide probe could be useful in imaging other disease systems in which this integrin is overexpressed (e.g., astrocytomas, gliomas, melanoma, medulloblastoma, and gastric tumors [5] ).
Future studies will include optimization of this ligand for therapeutics as well as for other imaging modalities that may be more suited for clinical use such as PET and MRI.
Conclusion
We have been able to demonstrate previously that using the one-bead one-peptide library technology we can identify novel ligands for tumor cells. Once these novel ligands are identified they can be further developed into tumor imaging agents. This study clearly validates that fact. Because we have been able to show the selectivity and specificity of this ligand, future investigation will include steps to optimize this ligand for therapy. We envision that we can conjugate a chemotherapeutic drug to this peptide and study tumor response.
